In all age groups, the use of opioids to treat chronic pain conditions has increased, yet the impact of age on opioid tolerance development has not been comprehensively addressed. In this study, we investigated agerelated differences in morphine tolerance development in rats. Rats aged 3 wk, 3 mo, 6 mo, and 1 yr were used in the study. Morphine (8 mg/kg) was injected subcutaneously twice each day and its analgesic effect assessed by the change in tail-flick latency using a thermal stimulus 5 min before and 30 min after dosing. Tolerance was defined as a 75% reduction in morphine-induced analgesia compared to Day 1. Rats aged 3 wk, 3 mo, 6 mo, and 1 yr developed tolerance on the 4th, 10th, 14th, and 22nd days of morphine treatment, respectively. Plasma levels of morphine and its metabolites showed that pharmacokinetic differences among the groups did not correlate with the differences in tolerance development. This study demonstrates that morphine tolerance occurs more rapidly in younger rats than older rats and is unlikely to be the result of differences in drug metabolism or clearance. Aging may impact molecular processes involved in tolerance development and provide insight into novel therapeutic targets to delay opioid tolerance development.
In all age groups, the use of opioids to treat chronic pain conditions has increased, yet the impact of age on opioid tolerance development has not been comprehensively addressed. In this study, we investigated agerelated differences in morphine tolerance development in rats. Rats aged 3 wk, 3 mo, 6 mo, and 1 yr were used in the study. Morphine (8 mg/kg) was injected subcutaneously twice each day and its analgesic effect assessed by the change in tail-flick latency using a thermal stimulus 5 min before and 30 min after dosing. Tolerance was defined as a 75% reduction in morphine-induced analgesia compared to Day 1. Rats aged 3 wk, 3 mo, 6 mo, and 1 yr developed tolerance on the 4th, 10th, 14th, and 22nd days of morphine treatment, respectively. Plasma levels of morphine and its metabolites showed that pharmacokinetic differences among the groups did not correlate with the differences in tolerance development. This study demonstrates that morphine tolerance occurs more rapidly in younger rats than older rats and is unlikely to be the result of differences in drug metabolism or clearance. Aging may impact molecular processes involved in tolerance development and provide insight into novel therapeutic targets to delay opioid tolerance development. F or years there has been debate in the literature over whether there is a tolerance to opioids in humans and to what extent the presence or absence of nociceptive input, type of opioid, and route of administration has on the development of opioid tolerance. Interestingly, age as it relates to the rate of development of opioid tolerance is not a variable that has been systematically studied. A retrospective review of opioid-dose escalation in patients with chronic nonmalignant pain suggests that the rate of escalation of opioid dosing seems to be more rapid in younger patients than in older patients (1) . Previous clinical studies on opioid tolerance development evaluate patients of widely varying ages as a single population and, therefore, it is possible that age as an uncontrolled variable results in the conflicting reports in the literature of opioid tolerance development. In rats, animals of varying ages have been evaluated in single-dose opioid studies to determine the effects of age on pharmacokinetic and analgesic efficacy variables (2) . Numerous studies have also evaluated various aspects of opioid tolerance in the prenatal and early postnatal period (3-6), yet no study has systematically evaluated the rate of opioid tolerance development in rats ranging from young adolescents to advanced maturity.
Theoretically, the capacity for enhanced molecular and cellular neuroplasticity in younger neurons would allow for a more rapid development of tolerance to the cellular effects of opioids compared with older neurons. Changes in receptor-G protein interactions, second-messenger system signaling, and movement of cytosolic molecules such as protein kinase C (PKC) to the membrane are reported to occur during the development of tolerance (6) . In the elderly, these cellular systems may not be as malleable and, therefore, these aged neurons would continue to respond to the opioid as when initially administered.
There are many studies in the field of synaptic plasticity that demonstrate decreasing neuronal plasticity with advancing age. For example, long-term potentiation (LTP) is a well known phenomenon that is believed to underlie the process of learning and memory. N-methyl-d-aspartate (NMDA) receptors and PKC are two examples of molecular substrates that are critical for the development of LTP. Aging affects both the development of LTP and the function of NMDA receptors and PKC (7) (8) (9) (10) .
Neuronal tolerance to opioids is also a learned cellular memory that seems to involve NMDA receptors and PKC (11) . It is possible that age affects the function of these molecules and, therefore, affects the development of opioid tolerance. The aim of this study was to determine, in rats, whether the rate of development of opioid tolerance is dependent on the age of the rat studied.
Methods
Experiments using animals were approved by the Committee on Animal Research of the University of California, San Francisco. Male Sprague-Dawley rats (Bantin and Kingman, Fremont, CA) aged 3 wk, 3 mo, 6 mo, and 1 yr at the start of the experiment were used. On the first day, the body weights of the 4 age groups were 48 Ϯ 2 g, 483 Ϯ 4 g, 625 Ϯ 11 g, and 679 Ϯ 20 g, respectively. The rats were housed at 25°C under controlled lighting conditions (lights on 6:00 am to 6:00 pm) with free access to food and water.
Rats were acclimatized to the test conditions for 2 days before the first dose of morphine. Morphine (Baxter Healthcare Corporation, Deerfield, IL) was administered as a subcutaneous (s.c.) injection of 8 mg/kg at 9:00 am and 3:00 pm each day. A dose of 8 mg/kg was chosen because this dose produced significant analgesia (100%-150% increase from baseline tail-flick latency) while not producing apparent respiratory rate changes or sedation in any age group of rats. Analgesia was assessed by measuring tail-flick latency 5 min before and 30 min after each injection of morphine. It has been shown that repeated tail-flick latency testing with chronic opioid dosing does not produce baseline hyperalgesia, which is why we chose this test over the hot-plate test (12) . Rats were placed in a clear acrylic cage and allowed to settle for 5 min. An infrared source of controlled intensity (Ugo Basile, Italy) was placed beneath the clear floor of the cage, 2 cm from the tip of the tail. Time until tail flick or withdrawal was measured. A maximum duration of exposure of 25 s (cutoff time) was set to prevent tissue injury and consequent hyperalgesia. Twice-daily dosing with morphine and testing of analgesia was continued until the post-dose tail-flick latency was not significantly different from the baseline tail-flick latency on Day 1 and loss of 75% of Day 1 analgesia had occurred. This was taken as the end-point for development of tolerance.
To determine whether pharmacokinetic effects influenced differences in tail-flick latencies with time, plasma levels of morphine and its metabolites, morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G), were measured in separate groups of rats. Plasma samples were obtained on Days 1, 2, 3, and 4 in 3-wk-old rats, Days 1, 2, 3, 4, and 10 in 3-mo-old rats, Days 1, 4, 10, and 14 in 6-mo-old rats, and Days 1, 4, 10, 14, and 22 in 1-yr-old rats (the last day in each group is the day when rats became tolerant). Thirty minutes after the injection of morphine (8 mg/kg s.c.), a 1-mL specimen of blood was obtained. Blood specimens were taken from 3-wk old rats by aspiration from the heart after general anesthesia with isoflurane in oxygen. Blood specimens from the older rats were obtained by cannulation of a tail vein under general anesthesia and centrifuged at 10,000g for 10 min. The plasma phase (ϳ500 L) from each sample was carefully transferred into a polypropylene microcentrifuge tube and stored at Ϫ80°C until analysis.
Plasma samples were analyzed for concentrations of morphine, M3G, and M6G by high-performance liquid chromatography/mass spectrometry at the Center for Human Toxicology, Department of Pharmacology and Toxicology, University of Utah Health Sciences Center, Salt Lake City, UT. The lower limit of quantitation for all analyses was 250 pg/mL.
All values are presented as mean Ϯ se of the mean (sem). The end-point for tolerance was defined as a 75% loss of the average Day 1 analgesia as calculated below: Tolerance was additionally defined as the first time at which the post-dose latency was not significantly greater than Day 1 baseline (P Ͼ 0.05). To compare each post-dose latency to the Day 1 baseline tail-flick latency, a one-way analysis of variance followed by a Dunnett test for multiple comparisons to a control were performed (SPSS version 11.0; SPSS, Chicago, IL).
Results
Overall, the rates of tolerance development were significantly different among the four groups of rats ( Fig.  1-4) . In 1-yr-old rats (n ϭ 6), the mean of pre-dose tail-flick latencies (baseline) was 9.4 Ϯ 0.6 s at the start of Day 1. The pre-dose latencies did not statistically change over time (Day 22 ϭ 9.55 Ϯ 1.3 s), indicating that our experimental protocols did not produce local hyperalgesic conditions. The post-dose tail-flick latencies initially reached cutoff only on the start of Day 1 (25.0 s; 265% of baseline) and gradually decreased until Day 22 when post-dose latency (13.0 Ϯ 2.9 s) was reduced more than 75% of the Day 1 average analgesia and was not significantly different from the Day 1 pre-dose latency (P Ͼ 0.05; Fig. 1 ).
In 6-mo-old rats (n ϭ 10), the mean pre-dose tailflick latency was 12.0 Ϯ 0.5 s at the start of Day 1 and did not significantly change, being 10.3 Ϯ 0.5 s at the end of Day 14. Over the same period, the post-dose tail-flick latency decreased from 25.0 s (210% of baseline) at the start of Day 1 to a mean value of 11.2 Ϯ 1.4 s at the end of Day 14, a latency that was reduced more than 75% from the Day 1 average analgesia and was not significantly different from the pre-dose latency on Day 1 (P Ͼ 0.05; Fig. 2) .
In 3-mo-old rats (n ϭ 9), the mean pre-dose tail-flick latency also did not change throughout the testing period, being 8.9 Ϯ 0.5 s at the start of Day 1 and 8.5 Ϯ 0.5 s at the start of Day 10, which was the final day of testing for this group. The post-dose tail-flick latency decreased from 21.9 Ϯ 1.2 s (250% of baseline) at the beginning of Day 1 to a mean value of 13.1 Ϯ 1.7 s at the beginning of Day 10 -a latency that was reduced 75% compared with the Day 1 average analgesia and was not significantly different from the predose latency on Day 1 (P Ͼ 0.05; Fig. 3) .
In 3-wk-old rats (n ϭ 9), the mean pre-dose tail-flick latency was stable with values of 8.9 Ϯ 0.7 s at the start of Day 1 and 8.9 Ϯ 0.4 s by the end of Day 4. The post-dose tail-flick latency was 18.6 Ϯ 1.0 s (210% of baseline) on the start of Day 1, and by Day 4 (after the seventh dose of morphine), the mean post-dose tailflick latency decreased to 11.5 Ϯ 0.9 s, which was reduced more than 75% of the Day 1 average analgesia and was not significantly different from the mean pre-dose value for Day 1 (P Ͼ 0.05; Fig. 4 ).
An additional group of 3-wk-old rats (n ϭ 3) was tested using a 50% larger dose of morphine (12 mg/ kg) to determine whether an increased morphine dose would delay tolerance development. The mean predose tail-flick latency was stable with values of 8. reduced more than 75% of the Day 1 average analgesia and was not significantly different from the mean pre-dose value for Day 1 (P Ͼ 0.05; data not graphed).
Plasma was obtained for analysis from a separate group of rats 30 min after morphine dosing to correlate with the timing of tail-flick latency testing. For 1-yr-, 6-mo-, 3-mo-, and 3-wk-old rats, their mean post-dose plasma levels of morphine on Day 1 were 1043 Ϯ 281, 1120 Ϯ 238, 744 Ϯ 91, and 445 Ϯ 78 ng/mL, respectively. The plasma morphine levels for the four age groups during the period of chronic morphine administration are graphed in Figure 5 . Threeweek-and 3-mo-old rats had an initial decrease in morphine plasma levels from Days 1 through 4. By Day 10, the 3-mo group's morphine levels returned to Day 1 levels, although the rats were no longer analgesic to morphine at this time. Similarly, the 6-moand 1-yr-old rats were not displaying analgesia to morphine at time points where morphine plasma levels were not significantly different from Day 1 levels.
The mean plasma levels of M3G in the older age groups increased progressively over time (Fig. 5, second row) . The levels of M3G in 3-wk-old rats slightly decreased over the 4 days. M6G plasma levels displayed an interesting age-related trend. The M6G levels in the youngest (3-wk-old) and oldest (1-yr-old) rats stayed at low levels from Day 1 until the time of tolerance development. The M6G levels in the middle 2 age groups (3-mo-and 6-mo-old rats) increased significantly in the first few days and then decreased gradually.
Discussion
The major finding of the present study is that the rate of opioid tolerance development in rats is dependent on age. There was a more than 400% increase in the length of time to tolerance in one-year-old rats as compared to three-week-old rats. Six-month-old and three-month-old rats also demonstrated a 250% and a 150% increase in time to tolerance compared to threeweek-old rats, respectively. Whereas most studies on opioid tolerance in rats use young adult rats two to three months of age, there are almost no data on opioid tolerance in older rats, although a few laboratories have studied tolerance development in postnatal rat pups.
There is some debate as to how early a neonatal rat can develop opioid tolerance (Day 9 versus Day 15) (13, 14) . Similar to our finding of morphine tolerance by Day 4 in three-week-old rats, it has been demonstrated that two-week-old rats develop tolerance to s.c. morphine continuous infusion within 72 hours (15) . Furthermore, Van Praag and Frenk (14) demonstrated morphine tolerance to daily intraperitoneal morphine within four days in nine-day-old rats. Most studies in the literature with opioids demonstrate the development of opioid tolerance within 8 -10 days in young adult rats (16, 17) , which is also consistent with our three-month-old rat data demonstrating tolerance by Day 10.
Therefore, individual studies have hinted at agedependent opioid tolerance, yet there is a large degree of variability in methods of detecting tolerance development in the literature and essentially no study of aged rats and opioid tolerance. Some variables include the opioid used, the route of delivery, the frequency of delivery, and the type of painful stimulus. These variables can result in widely varying rates of tolerance development and make the comparison of studies difficult. We therefore felt it useful to compare different ages of rats under the same experimental conditions. The dramatic differences in the rates of tolerance development suggest that the age of neurons may indeed play a significant role in their ability to alter their response to opioid receptor agonist stimulation. A study by Nozaki et al. (18) measured the rate of opioid tolerance as a function of age using younger rats (up to 12 weeks of age). Also, there was variability in opioid dosing to test for tolerance, and no pharmacokinetic data were reported. Their study suggested that as rats age, the rate of opioid tolerance slows, similar to the findings of our study. With the present trend of increasing use of long-term opioids in the management of chronic pain in humans (19) , the importance of determining factors affecting the development of opioid tolerance cannot be overstated.
The possibility of a pharmacokinetic effect, such as a more rapid morphine metabolism or an increase in the antianalgesic metabolite M3G among the different age groups, was also studied. Our data demonstrated that although there was an initial decrease in morphine plasma levels during the first four days in both three-week-and three-month-old rats, the rate of decrease was identical in both groups. Yet by Day 4, the three-week-old rats were completely tolerant to morphine, whereas the three-month-old rats still had a significant analgesic response. Furthermore, a 50% larger dose of morphine (12 mg/kg) given to the second set of three-week-old rats did not delay tolerance development beyond Day 4. Morphine levels returned to baseline by Day 10 in the three-month-old groupthe time at which they developed complete tolerance to morphine. Morphine levels remained constant over time in the six-month-old and one-year-old rats, and these levels were not significantly different than the Day 10 levels for the three-month-old rats. Yet, the time for tolerance development among these three groups was vastly different. It therefore seems that differences in plasma morphine levels were not the underlying reason for differences in the development of tolerance among the four age groups of rats.
Most morphine is converted to M3G, which has been described as an antianalgesic based on its stimulating effects on neuronal pathways in numerous studies (20) . Significant conversion to M3G occurred initially in the three-week-old group, but these levels Figure 5 . Plasma levels of morphine, morphine-3-glucuronide (M3G), and morphine-6-glucuronide (M6G) for the four age groups of rats. Plasma concentrations of morphine and metabolites were analyzed using high-performance liquid chromatography, followed by electrospray ionization and tandem mass spectrometry, and presented as nanograms per milliliter. Measurements were made for plasma samples collected at 30 min after morphine (8 mg/kg) subcutaneous (s.c.) injection on Days 1-4 for 3-wk-old rats, Days 1-4 and 10 for 3-mo-old rats, Days 1, 4, 10, and 14 for 6-mo-old rats, and Days 1, 4, 10, 14, and 22 for 1-yr-old rats (the last day in each group is the day of tolerance (T)) (n ϭ 3 for all data points).
decreased over the four-day period. The older age groups had increasing accumulation of M3G up until Days 10 -14. Overall, the largest increase in M3G levels occurred in the older rats at a time when significant analgesia was still present. Therefore, changes in M3G plasma levels do not seem to account for the differences in rates of opioid tolerance among the groups.
Only 10% of morphine is converted to M6G, a potent -opioid receptor agonist (21) . Low plasma levels of this metabolite are usually detected in SpragueDawley rats, whereas slightly higher levels are found in humans (21) . Human preterm neonates have been shown to produce less M6G compared with older neonates and children (22) . Although a highly sensitive assay was used to detect M6G levels for this study, very little M6G could be detected at any time point in the three-week-old and the one-year-old rats. Rats older than one year in age have been shown to have low plasma levels of M6G (2) . Both the threemonth-and six-month-old rats had no detectable M6G on Day 1 and displayed the highest levels of M6G on Day 4, whereas lower levels were detected at the remaining time points. In our study, when detectable levels of M6G were present, these concentrations were approximately 10-to 30-fold less than the corresponding morphine plasma concentrations. In human clinical studies, although M6G has a demonstrated analgesic efficacy, this metabolite is not substantially more effective in producing analgesia than morphine (23) . In rat studies, although M6G delivered intracerebroventricularly or intrathecally displays an analgesic potency much greater than morphine, systemic delivery of these drugs shows that M6G and morphine are equi-effective, with the only difference being that M6G analgesia persists longer than morphine (24) . Therefore, the low levels of plasma M6G found in this study would not be expected to have a significant contribution to the analgesic response. Furthermore, rapid tolerance occurs to M6G (24) and, therefore, presence of this metabolite would not be expected to dramatically prolong tolerance development.
Although there are pharmacokinetic differences in these varying age groups, they did not seem to have a major impact on the rates of loss of opioid analgesia among the groups. It is more likely that the loss of opioid analgesia with time is caused by pharmacodynamic tolerance development. Changing pharmacodynamic effects of morphine with age could occur as the result of a variety of mechanisms. Aging affects the function of NMDA receptors and PKC, molecular substrates thought to play critical roles in the development of opioid tolerance. Aged rodents display reductions in the protein expression of multiple subunits of the NMDA receptor (9, 25) . Aging also seems to diminish the ability of PKC to move from the cytosol to the membrane by impeding the ability of the PKC molecule to effectively anchor to the membrane (8,26).
Many physicians are hesitant to prescribe opioids for chronic nonmalignant pain conditions because of the fear of dose escalation with time. Future clinical studies with patients using opioids for chronic pain will need to include age as an important variable when assessing development of opioid tolerance. Certainly, future laboratory studies are required to evaluate age-dependent opioid tolerance with opioids other than morphine and in models of chronic pain.
